Retrograde trafficking is a well-regulated, multi-component pathway that can result in endosomal trafficking to the trans-Golgi network, the perinuclear space, or the nucleus. Either clathrin or the retromer complex can travel with proteins endocytosed from the plasma membrane, guided by Rabs (including 5, 6, 7, 9, 22A), interacting with a host of sorting nexin proteins, and fusing with Golgi-specific anchors to allow transport of activated receptor tyrosine kinases to a potential end within the nucleus. Amplification in these constituents is common in cancer, leading to increased retrotranslocation and a reduction in degradation of receptor tyrosine kinases, an event highly associated with cancer metastasis. Here, we review the role of retrograde trafficking in altering transmembrane receptor localization and activity and the relationship to metastasis, focusing on all four members of the ErbB family, with comparison to other receptor tyrosine kinases including the insulin receptor and fibroblast growth factor receptor, as well as other transmembrane proteins dysregulated in metastasis. By examining how these receptors are being alternatively trafficked and the cancer-associated events resulting from this process, we hope to identify novel therapeutic targets.
INTRODUCTION
Retrograde transport is a process that involves secretory trafficking pathways from endosomes to the transGolgi network (TGN), the Golgi to the endoplasmic reticulum (ER), and within the perinuclear space, designed to maintain a steady-state localization of proteins [1] [2] [3] [4] . Upon internalization of a receptor, toxin, or other constituent subject to intracellular trafficking, cargo is transported to the early endosomes. There, cargo can be recycled to the plasma membrane (with or without passing through the recycling endosome), transferred to a late endosome en route to the lysosome for degradation, or subject to retrotranslocation to the trans-Golgi [5] . Within the Golgi proteins can undergo post-translational modifications, be distributed to their appropriate cellular localization (e.g., polarized membrane), or sent to the ER for re-folding or ERassisted degradation (ERAD). In this review, we focus on retrograde trafficking, not for the purposes of protein homeostasis, but rather examining how activated receptor tyrosine kinases are trafficked towards the nucleus upon internalization, where a host of signal transduction, DNA binding, and transcription result in metastatic events. In multiple kinase receptor families, including the ErbB family, this alternative trafficking results in endosomally-captured active receptors in the perinuclear space and nucleus. This trend is not specific to solely receptor tyrosine kinases, as we also discuss the retrotranslocation of other transmembrane proteins, such as the interleukin-2 receptor (ILR2) and the transforming growth factor β (TGF-β) receptor. In addition to perinuclear localization, retrotranslocation is frequently associated with the upregulation and constitutive activation of the phosphatidylinositol-3-OH kinase (PI3K)/protein kinase B (AKT) pathways, known drivers of cancer metastasis. Taken together, we present the concept that retrotranslocation of activated proteins, particularly receptor tyrosine kinases, augments AKT signaling and increases nuclear transcription, resulting in cancer metastasis.
MEDIATORS OF RETROTRANSLOCATION

Internalization
Internalization of cargo, the first conserved step of retrograde trafficking (receptor tyrosine kinases require activation, toxins do not) occurs in two primary formats -clathrin-mediated endocytosis (CME) or retromer-assisted. Toxins (such as shiga, ricin, or cholera) and many receptor tyrosine kinases are subject to retrotranslocation from the early endosome in clathrin-coated endosomes, while transmembrane receptors such as wntless, β-secretase (BACE1), and TGN38 interact with the retromer complex from the early endosome [6] [7] [8] [9] [10] [11] . Trafficking constituents such as mannose 6 phosphate receptor and Vsp10 are directed from late endosomes via the retromer complex [12] [13] [14] . CME occurs when clathrin triskelions form a bilayered coat of polyhedral lattices surrounding an inner coat of clathrin adaptors. Adaptors are then responsible for interacting with the cytoplasmic domains of membrane-bound receptors, and in some instances, even appear to promote the binding of clathrin directly to the receptor [15] . Clathrin can interact not only with the cytoplasmic domain of receptors, but also with post-translational modifications, and at the interface between endosomes and the TGN [3, 16] . It has been demonstrated that clathrin is frequently required for retrograde trafficking, both for endogenous cargo and plasma-membrane-localized proteins [3, 17] .
The retromer
In contrast to clathrin-mediated retrotranslocation, proteins can also be trafficked via the retromer complex. The retromer is a three-protein complex consisting of Vsp26, 29, and 35, capable of binding the cytoplasmic domain of transmembrane proteins located in endosomes without interacting with clathrin. Once bound, the retromer interacts with a dimer of sorting nexin (SNX) family members (either SNX1/2 and SNX5/6) to induce membrane curvature and direct retrograde trafficking away from lysosomal degradation [1, 18] . This trimer interacts with GTPases; Rab5 when interacting with the early endosome or Rab7 with the late endosome [2] . SNX proteins directly interact with the membrane, with a Bis/amphihysin/Rvs domain to sense and stabilize membrane curvature and a PX domain capable of interacting with phosphoinositides (PtdIns) to determine the localization of early endosomes [18] [19] [20] . Alteration of SNX proteins can directly affect receptor tyrosine kinase activity, as loss of SNX1 activity is correlated to a reduction in lysosomal degradation of epidermal growth factor receptor (EGFR) [21] [22] [23] .
Rab GTPases and retrotranslocation
Whether cargo enters the system via CME or SNXs, it will be found associated with Rab GTPases. The Rab family of proteins -highly specialized in location and function, are frequently amplified but not mutated in metastatic cancers, leading to increased availability of retrograde trafficking vesicle fusion components, thereby promoting unabrogated receptor signal transduction and uninhibited nuclear colocalization [24] [25] [26] [27] .
Rab proteins are GTPases involved in vesicular transport, providing membrane identity and tethering vesicles prior to fusion [26, 28] . They are capable of interacting with other coat components, motor proteins including kinesins and myosins, and soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs) [26] . Despite strong homology among the family members, each Rab confers a unique function to the vesicles they mediate in response to specific activators [29] . Two Rabs in particular are known mediators of retrotranslocation: Rab22A which acts in early endosome-TGN trafficking, and Rab6A which is involved in Golgi-ER transport.
Rab22A is involved in clathrin-independent endocytosis, associating with both early and late endosomes, but not lysosomes. When bound to GTP and active, Rab22A is capable of binding to early endosome antigen 1 (EEA1; a marker unique to the endosomal sorting complex where most transmembrane receptors pass through during endocytosis), directing the activator for Rab5 to promote early endosome fusion, a necessary step in retrotranslocation [30] . Rab22A expression is increased in lung, liver, ovarian, renal cell carcinoma, and melanoma [30, 31] . Rab22A is also commonly overexpressed in breast cancer and associated with decreased patient survival. A HIF1α-dependent Rab, Rab22A is responsible for generating hypoxia-induced vesicles, that when present promote breast cancer cell invasion through cytoskeletal alterations [32] . Using miRNAs to suppress the expression of Rab22A, studies have demonstrated that miR-373 can inhibit ovarian cancer, miR-203 inhibits osteosarcoma, and miR-204 inhibits renal cell carcinomas, all in a Rab22A-dependent manner [31, 33, 34] .
Rab6A is a GTPase associated with highly dynamic vesicles subject to retrograde transport from the Golgi to the ER [35] . Part of the recycling endocytic pathway, Rab6A is known to function within the cis-and transGolgi, involved in both intra-Golgi and coat protein complex-1 (COP-1)-mediated Golgi-ER transport [36] [37] [38] . Frequently dysregulated and associated with poor prognosis in cancer, it also presents with increased expression in human epidermal growth factor 2 (HER2+; ErbB2) breast cancer patients [35, 39] .
One of the primary functions of the Golgi is to aid in post-translational modifications (such as glycosylation) of proteins, particularly for activation of receptor tyrosine kinases, which allows for ligand binding, receptor trafficking, and internalization [40] . As previously discussed, a key element of retrotranslocation is the ability of vesicles to fuse with the TGN, instead of trafficking for lysosomal degradation. GOLPH3, a resident Golgi protein, localizes to the TGN and can directly interact with the retromer complex through Vsp35. Responsible for driving cell proliferation, tumor development, and anchorage independent growth both in vitro and in vivo, GOLPH3 is an oncogene amplified in more than 30 percent of lung, ovarian, and breast cancer cases (as high as 56 percent of lung cancers). Previously demonstrated in yeast that the retromer complex is involved in mammalian target of rapamycin (mTOR) signaling, high expression levels of mTOR have been similarly observed in GOLPH3-amplified human tumor tissues, resulting in increased pAKT activity [40] . Not only is increased pAKT associated with high metastatic potential in breast cancers, but mutations in an anchor protein such as GOLPH3 could result in endosomal retention of receptors by inhibiting their transition out of endosomes, leading to prolonged signal transduction and metastasis [41, 42] .
An event frequently observed in cancers such as breast, pancreatic, and lung is the localization of activated receptor tyrosine kinases in the perinuclear space [43] [44] [45] . While not all of these receptors have been shown to pass through the Golgi, they do appear to be subject to retrotranslocation as many of them are found in the nucleus, including fibroblast growth factor receptor (FGFR), members of the ErbB family, and TGF-β receptor, all of which will be further discussed below [41, 46, 47] .
Here, we explore a range of transmembrane receptors associated with cancer and metastasis, examining their endogenous trafficking pathways, conditions in which this trafficking may be altered, and the relationship between retrotranslocation, nuclear localization, and metastasis.
INSULIN RECEPTOR
The insulin receptor (InsR) is a receptor tyrosine kinase known to traffic to the perinuclear space (rather than the TGN) and colocalize with SNARE proteins through a targeting motif in the carboxy terminus [48] . This perinuclear colocalization occurs in a subset of storage vesicles near the Golgi, driven by the high rates of intravesicular cycling associated with InsR, as only 2-5 percent of the receptor is maintained at the cell surface [49, 50] . Intracellular InsR promotes the constitutive activation of AKT, resulting in glucose transporter 4 translocation, enhanced anchorage-independent growth, and altered acinar structure formation [50] [51] [52] .
FGFR
FGFR is a receptor tyrosine kinase highly involved in epithelial to mesenchymal transition (EMT) and tumorigenesis, promoting signal transduction through mitogen-activated protein kinase (MAPK) and β-catenin activity [53] . Stimulation with ligand FGF1 results in receptor retention in Rab5-positive endosomes in the perinuclear space (undetermined if in the Golgi apparatus) and promotes trafficking to the nucleus, an event modulated by importin-β1 [46, 54] . When bound to the ligand FGF2, FGFR is capable of inducing c-Jun and cyclin D1 mRNA expression by acting as a transcription factor at the FGF2 promoter, an event similar to that seen in EGFR [54] [55] [56] . Nuclear FGFR is highly associated with AKT-driven breast cancer metastasis to the lung and pancreatic cancer cell invasion [57, 58] . Importantly, neither the FGF ligands nor FGFR contain a canonical nuclear localization sequence (NLS) [55] , indicating that the nuclear localization is a result of retrotranslocation driving activated receptors from endosomes in the perinuclear space toward the nucleus.
ERBB RECEPTORS
EGFR
ErbB1, also known as HER1 or EGFR is a single pass transmembrane receptor tyrosine kinase subject to significant post-translational modifications, which affect both its activation and trafficking. Upon binding a ligand, EGFR is subject to homo/heterodimerization, transphosphorylation, and is primarily trafficked to the lysosome [59, 60] . It is also capable of retrotranslocation, recycling, and other trafficking pathways, all of which are highly dependent on the localization of EGFR within the cell and additional signal transduction pathways activated in the cell [61] [62] [63] .
EGFR can bind a range of ligands, including epidermal growth factor (EGF), TGF-α, heparin-bound-EGF (HB-EGF), β-cellulin (BTC), epiregulin (EPR), and amphiregulin (AR). Upon binding a ligand, ErbB receptors dimerize and are subject to internalization and trafficking. Ligand binding triggers membrane invagination within at least 30 s, a transient process that resets within approximately 15 min after exposure. All ligands promote the transport of EGFR from the plasma membrane to EEA1-positive endosomes, though AR is slightly less efficient at this [62, 64] . EGF, HB-EGF, and BTC promote EGFR trafficking to the lysosome for degradation, while TGF-α and EPR binding primarily promote EGFR recycling [62] . EGFR-EGF binding promotes activation of multiple signaling pathways including MAPK, PI3K, phospholipase C (PLCγ), and AKT, leading to a host of potentially oncogenic activities when left unregulated. EGFR has been implicated in organ morphogenesis, maintenance and repair pathways, tumor progression, and metastasis through upregulated EGFR signaling [65] . EGFR signaling is potentiated by phosphorylation of tyrosines found in the cytoplasmic domain, whose activation is determined by ligand and dimerization partner. Phosphorylated tyrosines act as docking sites for many proteins and interactors, such as Src homology 2 or phosphotyrosine binding domain-containing proteins, including growth factor receptor-bound protein 2, Src-homology and collagen, PLCγ, PI3K subunit p85, GTPase activating protein, Cbl, and adaptor protein-2 (AP-2). EGFR phosphorylation remains active in endosomal vesicles, where EGFR is hyperphosphorylated, allowing for continued signal transduction [66] [67] [68] [69] [70] . Signaling through PLC has been shown to be preferentially activated when at the cell surface, while MAPK signaling continues to occur while in intracellular vesicles [71] .
PI3K signaling is also preferentially activated in endosomes, as Vieira et al. [66] demonstrated PI3K activation is unnecessary for internalization and instead plays a role in endosomal trafficking of EGFR. Similarly, Garay et al. [67] indicated preferential AKT signaling when EGFR is internalized in clathrin-coated vesicles rather than at the plasma membrane through siRNA against clathrin.
Vesicular EGFR alternatively trafficked away from the lysosome (demonstrated with a SNX1-directed siRNA) results in augmented AKT signaling in non-small-cell lung cancer [72] , and we have previously demonstrated that endosomally retained and mislocalized EGFR is capable of upregulating AKT activity, resulting in increased metastatic potential, as well increased nuclear localization of transcription factor TAZ (transcription co-activator with a PDZ-binding domain), an event associated with cancer stem cells [42, 73] . AKT is involved in driving EMT through disassembly of cell-cell junctions and upregulation of SNAIL, confirmed by loss of EMT phenotype in prostate cancer cells when treated with AKT inhibitors [74] . AKT1 kinase activity and AKT2 overexpression are associated with ovarian, breast, and thyroid cancers -three cancer types commonly hallmarked by high EGFR expression [75] [76] [77] [78] [79] [80] [81] . While AKT activation is strongly associated with the inhibition of apoptosis, at least one study has found endocytosed EGFR that does not traffic to the lysosome correlates with an induction of apoptosis [82] . More work to determine the mechanisms of these events will be required to fully understand these processes.
Though EGFR is primarily targeted to the lysosome to prevent constitutively activated signal transduction, when stimulated by EGF, it has been shown that a fraction of EGFR will be transported to the Golgi and the ER, carried via COP-I vesicles en route to trafficking to the nucleus [83, 84] . Studies have shown that after 20 min of EGF stimulation, 10 percent of EGFR colocalizes to the Golgi and remains phosphorylated, even in the presence of protein synthesis inhibitors, indicating that the retrograde trafficking observed is not due to post-translational modifications [85] .
Upon translocation to the Golgi, the amino-terminal domain of EGFR sits within the lumen of the Golgi, leaving the carboxy-terminal domain exposed in the cytoplasm to interact with importinβ-1 via the NLS [84] . All ErbB family members can enter the nucleus, with full-length, phosphorylated EGFR entering via the Sec61 translocon and interacting with importin α-β1 complexes [43, 86, 87] . EGFR is capable of transactivational activity, but lacks a DNA-binding domain, providing a need for transcription co-factors [88] . Upon entry into the nucleus, EGFR can associate with transcription co-factors such as signal transducer and activator of transcription 3 (STAT3) to co-regulate inducible nitric oxide synthase expression and E2F1 to promote cell cycle progression, as well as the proliferation marker Ki-67 [88] [89] [90] . Nuclear EGFR interactions with proliferating cell nuclear antigen (PCNA) also promote cell cycle progression, while increasing PCNA phosphorylation and the DNA damage response [91, 92] . Nuclear EGFR has been found to be associated with more than 40 percent of breast cancer tumors and 35 percent of esophageal squamous cell cancers, correlated to shorter overall survival in patients and increased metastatic potential, respectively [93, 94] . Nuclear EGFR also contributes to cetuximab and gefitinib resistance, likely due to the restricted access of the therapeutics to the target protein [41, 85] . Finally, the role of retrotranslocated EGFR as a transcriptional co-factor further exemplifies its kinase-independent function, highlighting the need for therapeutically targeting this process.
We have previously demonstrated the localization of EGFR in the nucleus when interacting with the oncogenic adaptor glycoprotein mucin1 (MUC1). Notably, when in the presence of MUC1, EGFR is able to bind to chromatin and act as a co-transcriptional activator by colocalizing to the transcriptional start sites with phosphorylated RNA polymerase II [56] . EGFR has also been shown to interact with cyclin D1 in the nucleus and cyclin D1 expression is increased in EGFR-dependent mouse models and breast cancers [56, [95] [96] [97] . Also seen in MUC1-expressing, EGFR-driven breast cancer mouse models were high rates of lung metastases (96 percent showing distinct pulmonary foci and the remaining 4 percent unspecified adenocarcinomas). Alternatively, in the absence of MUC1 and nuclear EGFR, no lung metastases were observed. Taken together, nuclear EGFR, particularly in the presence of MUC1, promotes EGFR transcriptional activity, increases cyclin D1 expression, and drives metastasis.
To elucidate the mechanism by which MUC1 promotes nuclear localization of EGFR, we have also demonstrated MUC1 and EGFR colocalize in EEA1-positive endosomes that are retained in the perinuclear space and actively are trafficked away from the lysosome. This allows for signal transduction to remain unattenuated, resulting in a MUC1-dependent increase in breast cancer cell migration rates, an effect completely eliminated by the introduction of a retrograde trafficking inhibitor, Retro-2. Inhibiting retrotranslocation of EGFR, even in the presence of MUC1, results in a reduced migratory phenotype through cytoskeletal rearrangement and reduction of focal adhesion kinase (FAK)-positive structures [41] .
EGFR is a pleiotropic signal transducer with a highly conserved activation and endocytosis pathway. However, during cancer, a high correlation is observed between retrograde trafficking and nuclear localization, resulting in increased metastatic events, both in vitro and in vivo.
ErbB2 receptor
ErbB2 (HER2, Neu2) is another member of the ErbB family, well-studied for its role in driving cancer through increased cell proliferation, resistance to apoptosis, and migration. A transmembrane protein found on the basolateral surface of cells, ErbB2 lacks the ability to bind ligands, therefore relying on other receptors for dimerization. While EGFR is primarily driven to the lysosome as part of its endogenous trafficking, ErbB2 is resistant to downregulation of itself or its heterodimerization partner, instead subject to rapid recycling through CME [98] .
ErbB2 activation is dependent upon heterodimerization with another ErbB receptor, as it lacks a ligandbinding domain to allow for self-activation. It can also become active through extensive overexpression, which promotes the formation of ErbB2 heterodimers responsible for enhancing the signal transduction associated with their dimer partner, an event seen in colon, gastric, prostate, and breast cancers [59, 61, 99] . ErbB2 overexpression in breast cancer is so well-characterized that it is responsible for an entire classification: HER2+; studies have shown it is amplified in more than 20 percent of breast cancer tumors, making it a strong predictor of survival and time to relapse [100, 101] .
Upregulation of ErbB2 is known to promote lymph node metastasis, as well as significantly increase metastasis rates to the brain, liver, and lung [102] . Like all members of the ErbB family, ErbB2 can enter the nucleus, where it can interact with promoters, including matrix metalloproteinase 16, p53-related protein kinase, and cyclooxygenase-2 (COX-2). The COX-2 gene is known to drive metastasis in cancer cells and coexpression of these two proteins has been reported in colon, cholangiocarcinoma, and breast cancers [103] . Exploring further, Edwards et al. [104] reported that prostate tumors with increased HER2 copy number also had increased levels of COX-2 expression while Thorat et al. [105] and Glynn et al. [106] demonstrated that COX-2 levels are highest (if not statistically significant) in HER2+ breast cancer (vs. luminal A/B and triple negative breast cancers) and that positive COX-2 expression in HER2+ patients is directly correlated to increased phosphorylation of AKT and poor survival outcomes [104] [105] [106] .
ErbB2 overexpression is seen in a variety of cancers and is strongly associated with metastatic events and inhibited degradation of activated receptors. Lacking intrinsic ability to self-phosphorylate, ErbB2 receptors bind with other members of the ErbB family to induce activation and potentiate signal transduction, frequently resulting in increased COX-2 and AKT activity due to nuclear localization, events commonly seen in metastasis.
ErbB3 receptor
ErbB3 is a catalytically inhibited member of the ErbB family, bearing a mutated tyrosine kinase domain and relying on heterodimerization partners for phosphorylation. As such, ErbB3 frequently presents with decreased levels of ubiquitination in comparison to EGFR, emphasizing the inefficiency of ErbB3 to be targeted to the lysosome [107] . Heterodimers between ErbB2 and ErbB3 lead to strong activation of the MAPK and PI3K/AKT pathways, promoting survival and proliferation by ErbB2 and ErbB3, respectively [108] [109] [110] . Through these signaling pathways ErbB3 activity is associated with loss of cellular differentiation and increased expression of MUC1 in carcinomas, as well as driving proliferation in ErbB2-positive breast cancer cells lines [108, 111] . ErbB3 is subject to significantly slower rates of endocytosis than EGF-bound EGFR due to the anti-internalization regions within the C-terminus, allowing for longer periods of receptor activation (when in a heterodimer) [71, 112] . This delayed trafficking results in perinuclear accumulation, thereby allowing nuclear localization via retrotranslocation [113] . Once in the nucleus, ErbB3 presents in an activated, uncleaved format, capable of associating with the Cyclin D1 promoter to drive cell proliferation, similar to the mechanism seen in EGFR [54, 56, 114] . Clinical data has shown in prostate cancer, nuclear localization of ErbB3 present in 100 percent of hormone-refractory samples and 40 percent of hormone-sensitive samples, in contrast to the negligible amount seen in normal prostate tissue, directly associated with disease progression risks [115] . Nuclear ErbB3 also presents at higher frequency in prostate cancer metastases (particularly bone) than in primary tumor sites [116] , indicating that retrotranslocated ErbB3 is likely involved in the metastasis of prostate cancers.
ErbB4 receptor
The fourth and final member of the ErbB family, ErbB4 maintains homology to ErbB1-capable of binding ligands (EPR, HB-EGF, BTC, and neuregulins 1-4) and a tyrosine kinase domain capable of catalytic activation [112, 117] . Once bound to a ligand, ErbB4 promotes signal transduction through a host of pathways, including PLCɣ, PI3K, and STAT [118] .
Post-activation, ErbB4 is subject to dual-protease cleavage in both the extracellular domain and the transmembrane domain, resulting in an active, cleaved cytoplasmic domain capable of nuclear translocation (upon binding to neuregulin). ErbB4 activity is highly associated with poor prognosis and increased metastasis in Ewing sarcoma, activating PI3K-AKT and altering FAKs to drive invasion [119] . Expression of ErbB4 also increases in colorectal cancer as disease stage progresses, indicating a potential role in driving cancer progression, though its expression is associated with improved prognosis in estrogen-receptor positive breast cancers [120, 121] . Highly enriched in neuronal plaques of patients with Alzheimer disease, nuclear localization can lead to transcriptional activation of genes that regulate neurodegeneration [118] . To achieve nuclear localization, it is possible that active, cleaved ErbB4 reaches the Sec61 translocon in the ER and is processed while avoiding ERAD-ubiquitin-associated proteolysis, in a mechanism similar to EGFR nuclear translocation [86, 118] .
In addition to the tyrosine kinase receptors described above, at least two non-tyrosine kinase receptors, ILR2 and TGF-β receptor, also undergo retrotranslocation in cancer.
ILR2
Found in fibroblasts, epithelial, and neuronal cells, ILR2, upon ligand binding is internalized and targeted for degradation through acidification, similar to EGFR and the transferrin receptor [59, 122, 123] . ILR2 has also demonstrated an ability to undergo endocytosis in the absence of clathrin or AP-2 at relatively uninhibited rates, likely due to the nature of the receptor to promote T-cell proliferation -a system that would benefit from redundancies [122] .
When undergoing non-CME, ILR2 is internalized through detergent-resistant membrane domains, similar to the mechanism employed by cholera toxin [124, 125] . Upon entry into the cell, vesicles containing ILR2 are found in the glycolipid rich areas of the cell, particularly in the perinuclear spaces and near the organelle responsible for glycolipid modification, the Golgi [124] . Retention of the receptor in the perinuclear space is common in cancer, as ILR2 expression can be a predictor of patient survival and is significantly reduced at cell surface levels in advanced ovarian cancers [126, 127] .
TGF-β RECEPTOR
TGF-β is a secreted ligand involved in modulating cellular growth and arrest, differentiation, and immune responses, capable of binding to type I or type II single-pass transmembrane receptors [47, [128] [129] [130] . Unlike other receptors presented in this review, TGF-β receptor can be internalized with or without ligand binding, resulting in either CME-assisted recycling or non-CME degradation [47] .
When subject to CME, TGF-β receptor is sorted into EEA1-positive vesicles where it acts to activate SMAD2 and potentiate TGF-β signal transduction. Activated receptors localize to the perinuclear space and remain in endosomes, a phenotype also seen with the transferrin receptor and which we have previously shown to occur with EGFR in breast cancer [41, 47] . Alternatively, TGF-β receptor can also be sorted via lipid rafts to interact with SMAD7. In either scenario, SMAD signaling nuclear translocation require internalization of TGF-β receptor [131, 132] .
Taken together, a range of transmembrane proteins are subject to retrotranslocation. While some localize to the perinuclear space and can be internalized into the nucleus, such as InsR, FGFR, TGF-β receptor, and ILR2, others can enter the Golgi, such as ErbB family members, and remain active and promote metastasis. ErbB receptors also localize to the nucleus, resulting in transcriptional activity of cancer genes and pathways.
THERAPEUTIC TARGETING OF RETROTRANSLOCATION
Given the metastatic and oncogenic activity associated with nuclear localization of activated receptor tyrosine kinases driven by retrograde trafficking, it is important to explore potential mechanisms by which retrotranslocation could be inhibited as a therapeutic target.
It has been demonstrated that introduction of retrograde inhibitors can drastically reduce the cytotoxic effects of toxins like ricin, cholera, or shiga, which rely on retrograde trafficking to be distributed throughout cells. A compound designated Retro-2 works to inhibit toxin trafficking from the early endosome to the trans-Golgi interface, actively protecting cells from ricin toxicity 2-3 fold in vitro and almost 50 percent of mice from airborne exposure to the ricin toxin (in comparison to the 11 percent that survived in the absence of retrograde inhibition) [133] . Retro-2 does not inhibit plasma membrane budding or endosome formation; rather it inhibits transport of endosomes to the TGN without affecting Golgi morphology (or that of EEA1 or Rab11). Endocytic degradation and recycling pathways also remain unaltered. However, SNARE proteins syntaxin 5 and 6 were subject to alterations in localization, indicating Retro-2 may work to inhibit retromer trafficking of endosomes or inhibit interactions of endosomes with the Golgi [133] .
We have previously demonstrated the importance of retrograde trafficking in promoting a migratory phenotype in association with the presence of MUC1 [41] . Treatment of breast cancer cells in vitro with the retrograde trafficking inhibitor Retro-2 led to the inhibition of MUC1-driven migration and re-introduction of EGFR trafficking to the lysosome for degradation. Given this, a potential therapeutic option may be to inhibit retrograde trafficking of EGFR, possibly through the use of Retro-2, though no studies have yet examined the effects in humans.
Alternative to inhibiting retrograde trafficking, current research has demonstrated an effort to capture the retrotranslocation mechanisms of toxins and repurpose them for drug delivery. Using the non-toxic subunit B of Shiga-like toxin, various attempts at conjugating therapeutics, incorporating nanoparticles, or developing fusion proteins have been attempted (reviewed in Luginbuehl et al. [134] ).
Should inhibition of retrograde trafficking prove untenable in patients, a secondary approach to inhibition of the oncogenic activity driven by nuclear receptor tyrosine kinases would target receptors within the nucleus. Nuclear EGFR has been shown to associate with promoter regions of a variety of proteins, including cyclin D1, activated STAT3, E2F1, DNA-dependent protein kinase, and other nuclear targets, while nuclear ErbB2 is capable of interacting with COX-2, all resulting in increases in tumorigenesis, proliferation, metastasis, chemoresistance, and radioresistance [106, 135] . ErbB2-EEA1 complexes are capable of nuclear transport, and given the high affinity of EGFR-MUC1 complexes in EEA1 positive vesicles in the perinuclear space of cells after extended exposure to EGF ligand, it is feasible that EGFR endosomal machinery is promoting nuclear localization of EGFR in a similar mechanism [41, 87, 136] .
Radiation treatment of cells is known to drive EGFR to the nucleus as part of the DNA-repair pathway mechanism, and studies have shown that treatment of irradiated cells with cetuximab will inhibit EGFR trafficking to the nucleus in both lung carcinoma and breast cancer cell lines [137] . Radiation treatment, along with neuregulin stimulation or trastuzumab will also promote retrograde trafficking of ErbB2-ErbB3 dimers to the nucleus, visible by super-resolution confocal microscopy as demonstrated by Pilarczyk et al. [138] . Nuclear import might also be inhibited by targeting the importin-β1 molecule through treatment with small molecule inhibitors such as Karyostatin1A to disrupt importin interactions with the GTPase Ran [139] .
Treatment of cells with 1,25-dihydroxyvitamin D was found to prevent EGFR from entering the nucleus by promoting intracellular localization of inactive, unphosphorylated EGFR, even if bound to a ligand, to early endosomes. By doing so, 1,25(OH) 2 D 3 downregulated the oncogenic activity associated with nuclear EGFR without targeting vesicles to the lysosome [140] . This treatment could feasibly be used to target two processes associated with cancer progression -inhibit nuclear targeting of EGFR and convert endosomally localized EGFR to an inert state, essentially nullifying the need for lysosomal degradation.
CONCLUSION
Retrograde trafficking of transmembrane proteins, with an emphasis on receptor tyrosine kinases, results in alternatively trafficked activated receptors accumulating in the perinuclear space of cells. The primary effect of these undegraded, endosomally-retained, actively signaling receptors is the unabrogated transduction of the PI3K/AKT pathway -resulting in upregulation of cancer metastasis. Not only that, but for those receptors that transit through the Golgi or come in sufficient proximity to a nuclear pore, active receptors can now act as transcriptional activators to a host of oncogenic activities. Seen in cancers ranging from Ewing sarcoma to breast to prostate and more, it is clear this ubiquitous mechanism of translocation is responsible for trafficking receptors to the wrong place at the wrong time, driving cancer metastasis. Future therapeutics may choose to inhibit retrograde trafficking to prevent mislocalization or focus instead on targeting receptors after their localization has already been altered. Given current treatment plans for many cancers now involve adjuvant therapies, the most efficient method for overcoming metastasis-promoting retrograde trafficking may involve some combination of both.
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